The antioxidant enzyme Cu,Zn superoxide dismutase (SOD1) is predominantly localized in the cytosol, but it is also found in mitochondria. Studies in yeast suggest that apoSOD1 is imported into mitochondria and trapped inside by folding and maturation, which is facilitated by its copper chaperone for SOD1 (CCS). Here, we show that in mammalian cells, SOD1 mitochondrial localization is dictated by its folding state, which is modulated by several interconnected factors. First, the intracellular distribution of CCS determines SOD1 partitioning in cytosol and mitochondria: CCS localization in the cytosol prevents SOD1 mitochondrial import, whereas CCS in mitochondria increases it. Second, the Mia40/Erv1 pathway for import of small intermembrane space proteins participates in CCS mitochondrial import in a respiratory chain-dependent manner. Third, CCS mitochondrial import is regulated by oxygen concentration: high (20%) oxygen prevents import, whereas physiological (6%) oxygen promotes it. Therefore, SOD1 localization responds to changes in environmental conditions following redistribution of CCS, which operates as an oxygen sensor. Fourth, all of the cysteine residues in human SOD1 are critical for its retention in mitochondria due to their involvement in intramolecular disulfide bonds and in the interaction with CCS. Mutations in SOD1 are associated with autosomal dominant familial amyotrophic lateral sclerosis. Like the wild-type protein, mutant SOD1 localizes to mitochondria, where it induces bioenergetic defects. We find that the physiological regulation of mitochondrial localization is either inefficient or absent in SOD1 pathogenic mutants. We propose misfolding and aggregation of these mutants that trap them inside mitochondria.
INTRODUCTION
Cu,Zn superoxide dismutase (SOD1) is an abundant protein that catalyzes the dismutation of superoxides to hydrogen peroxide. SOD1 is localized predominantly in the cytosol, but it is also found in other cellular compartments, including nucleus (1,2), endoplasmic reticulum (3) and mitochondria. In the latter, SOD1 is concentrated in the intermembrane space (IMS) (4 -7), but it can also be detected in the matrix (8) and on the outer membrane (OM) (9 -11) . Wild-type (WT) SOD1 in mitochondria is thought to provide protection from superoxide produced by the respiratory chain on the outer side of the inner membrane (IM), which is inaccessible to the matrix-residing MnSOD.
To date, over one hundred mutations in the gene encoding for SOD1 have been linked to familial forms of amyotrophic lateral sclerosis (fALS), a progressive motor neuron disease, which results in selective degeneration of upper and lower motor neurons causing paralysis and death. In SOD1-fALS, a toxic gain of function of the mutant protein is responsible for disease pathogenesis, because several pathogenic mutants retain SOD1 activity and mutant SOD1 does not impair the function of WT SOD1 (12) . The toxic mechanism of mutant SOD1 that causes motor neuron death is still unclear, but numerous pathogenic pathways have been postulated, including aberrant production of free radical species, neurofilament dysregulation, impaired axonal transport, glutamate excitotoxicity, induction of apoptosis and proteasome and mitochondrial dysfunction (13) . Mutant SOD1 in the mitochondria is thought to contribute to the wide range of abnormalities observed in SOD1-fALS: mitochondrial morphology is affected from presymptomatic stages in mouse models of fALS; swollen mitochondria, filled with vacuoles resulting from the expansion of the IMS, contain mutant SOD1 in large proteinaceous aggregates (6, 14, 15) . Furthermore, oxidative phosphorylation, respiratory chain enzyme activity, calcium handling and mitochondrial transport defects have been described in mutant SOD1 transgenic mice (7, (15) (16) (17) (18) (19) (20) . Although a direct contribution of mutant SOD1 to mitochondrial damage is widely accepted, the mechanisms whereby SOD1 localizes in mitochondria under physiological or pathological conditions in mammalian cells are largely unknown.
The mechanisms of WT and mutant SOD1 import from the cytosol, where it is synthesized, into the various mitochondrial compartments need to be investigated in the context of the more general mechanisms that regulate the composition of the mitochondrial proteome. Mitochondria contain their own DNA, which encodes for 13 polypeptides of the respiratory chain. However, these represent only 1% of mitochondrial proteins, whereas the rest is encoded by nuclear DNA, synthesized by cytosolic ribosomes and imported in mitochondria by complex translocation machineries. Proteins destined for the matrix, IMS, IM or OM, are imported by diverse mechanisms that are dictated by their mitochondrial targeting signals, typically N-terminal or internal amino acid motifs. However, some mitochondrial proteins, such as apocytochrome c, are devoid of recognizable targeting signals (21 -23) . Similarly, SOD1 lacks any recognizable mitochondrial targeting signal. Studies in yeast demonstrated that the apoprotein is able to cross the OM only in its non-metallated and disulfide reduced state, and that the maturation of SOD1, facilitated by mitochondrially localized copper chaperone for SOD1 (CCS), traps the protein in the IMS (24) . Recent studies in SOD1-expressing NSC34 (motor neuron-like) cells and transgenic mice have focused on disulfide-linked oligomeric forms of SOD1 trapped in mitochondria (25, 26) . Based on these observations, the cysteine residues of SOD1 appear to play an essential role in mitochondrial localization of the protein.
The interplay between SOD1 folding and the various components of the mitochondrial import machinery regulates SOD1 localization in mitochondria. In this study, we have investigated this interplay, in both WT and mutant forms of human SOD1 expressed in mammalian cells. We show that protein folding is the major determinant of SOD1 mitochondrial localization and it is physiologically modulated by multiple factors, including the partitioning of CCS between cytosol and mitochondria, oxygen concentration and respiratory chain function. Importantly for fALS, we find that SOD1 pathogenic mutants lose the physiological regulation of mitochondrial import and retention and that their localization in mitochondria depends largely on aberrant folding and aggregation.
RESULTS

WT SOD1 mitochondrial localization in mammalian cells
WT SOD1 localization was examined in cytosolic and mitochondrial fractions of transfected COS cells. In all fractionation/localization experiments, SOD1 was detected by western blot using a sheep polyclonal anti-SOD1 antibody. Equal amounts of proteins (5 mg) were loaded in each lane. A proportion of the expressed protein is found in the mitochondrial fraction (Fig. 1A , left panels). AktK, used to assess cytosolic protein contamination in mitochondrial fractions, was undetectable. Tim23, the translocase of the IM, was used as a loading marker for mitochondrial proteins. To confirm WT SOD1 mitochondrial localization in neurons, we expressed the protein in N2A neuroblastoma cells. WT SOD1 is localized to the N2A mitochondrial fraction, in a proportion similar to that found in COS cells (Fig. 1A , right panels). were loaded in each lane, and SOD1 was detected by the SOD1 polyclonal antibody. A proportion of the WT SOD1 localizes to mitochondria in both cell types. The same blots were probed with AktK and Tim23 to exclude cytosolic protein contamination and to estimate mitochondrial loading, respectively. (B) COS cells were transfected with WT or G93A mutant SOD1 using different amounts of plasmid DNA (1, 5 and 10 mg). Proteins were loaded for the cytosolic and mitochondrial fractions as indicated (5, 15 and 30 mg), and SOD1 was detected with the SOD1 polyclonal antibody. Human SOD1 migrates higher in the gel than the endogenous simian SOD1. (C) SOD1 levels in cytosolic and mitochondrial fractions were determined by densitometry of western blot immunoreactive bands. SOD1 contents in cytosol and mitochondria were normalized to AktK and Tim23 (data not shown), respectively. The ratio between cytosolic and mitochondrial SOD1 content follows an approximately linear correlation for both WT and mutant G93A SOD1 (the R 2 values are indicated for both WT and G93A SOD1). To determine that SOD1 mitochondrial localization is not an artifact due to protein overexpression (27) , we transfected COS cells with increasing amounts of plasmid DNA (1, 5 and 10 mg) encoding either WT or G93A mutant SOD1, and compared the ratio between cytosolic and mitochondrial SOD1 content (Fig. 1B) . The ratio follows an approximately linear correlation, both for mutant and WT SOD1 (Fig. 1C) , suggesting that the amount of SOD1 localized to mitochondria is proportional to the expression levels of the protein, and that mitochondrial localization occurs also when transgenic SOD1 is expressed at levels comparable to or below the endogenous ones.
WT SOD1 mitochondrial content is modulated by CCS
In yeast, mitochondrial SOD1 content depends on the levels of mitochondrial CCS (24) . To test whether CCS modulates SOD1 mitochondrial localization in a mammalian system, we co-transfected WT SOD1 and CCS-HA in COS and N2A cells. In both cell types, looking at CCS localization with an antibody against the HA tag, we find that CCS localizes in the cytosol, whereas it is undetectable in mitochondria ( Fig. 2A) , suggesting that under our experimental conditions, CCS is not efficiently imported in mitochondria. WT SOD1 mitochondrial content is markedly decreased in cells co-expressing CCS when compared with cells transfected with WT SOD1 alone ( Fig. 2A) . In COS cells expressing CCS-HA, SOD1 mitochondrial content is reduced by 98% when compared with cells expressing WT SOD1 alone. In N2A cells expressing CCS-HA, mitochondrial SOD1 is undetectable (Fig. 2B ). This suggests that increased cytosolic CCS may accelerate apoSOD1 folding and maturation, thus preventing its mitochondrial import. To exclude that the HA tag added to the C-terminus of CCS does not interfere with mitochondrial localization and interaction with SOD1, we co-expressed WT SOD1 and a CCS construct without the HA tag in COS cells. We confirm that CCS is not detectable in mitochondria and that WT SOD1 mitochondrial content is decreased also under these conditions (Fig. 2C) . The absence of transgenic CCS from mitochondria under our experimental conditions raises a question, as it was shown that mitochondria from the nervous tissue of transgenic mice expressing CCS contain significant amounts of the protein (15) . We hypothesized that the difference in CCS mitochondrial import may be due to the oxygen concentration in cultured cells and tissue (20 and 6%, respectively). Therefore, we examined CCS localization in cultured cells exposed to 6% oxygen for 48 h after transfection. Under these conditions, we detect the presence of CCS in mitochondria of COS cells and a parallel 60% increase in mitochondrial SOD1 (Fig. 2D) . These results suggest that high oxygen concentration promotes oxidative folding of CCS in the cytosol, thus preventing its mitochondrial import, while physiological tissue oxygen concentrations favor CCS mitochondrial localization.
Role of Mia40-Erv1 disulfide relay system in SOD1 mitochondrial import IMS proteins containing twin CX 9 C or CX 3 C cysteine motifs are imported into mitochondria in a unique manner. The import of these IMS proteins, such as COX17 and the small Tim proteins, involves a series of redox reactions with the receptor protein Mia40 and its partner Erv1 (28) . These reactions result in the formation of intramolecular disulfide bonds in the imported proteins that contribute to their retention in the IMS.
Although human SOD1 does not contain the typical cysteine repeat motifs, it has four cysteines, two of which, C57 and C146, form an intramolecular disulfide bridge. CCS folding also involves intramolecular disulfide bonds. Furthermore, the interaction between CCS and SOD1 occurs through a transitory intermolecular disulfide bond between C57 of SOD1 and C229 of CCS (29) . These chemical properties of the CCS/SOD1 interactions are reminiscent of the Mia40 pathway. It has been suggested that CCS acts as a receptor protein, similar to Mia40, in the import of SOD1 into mitochondria (28) , but so far the only evidence supporting this hypothesis is that in Erv1-depleted yeast, the amount of SOD1 in mitochondria was reduced (28) .
To determine if Mia40 pathway is involved in CCS/SOD1 mitochondrial import, we constructed a Mia40 expression plasmid with a C-terminal HA tag. As expected, Mia40 localizes to mitochondria in COS cells by immuno-colocalization with Mitotracker (Fig. 3A) and by cell fractionation (Fig. 3B) . When we co-transfect WT SOD1 with Mia40, we find no To assess the effect of oxygen concentration on CCS localization, transfected cells were exposed either to ambient oxygen (20%) or to physiological oxygen (6%) for 48 h. Under 20% oxygen, CCS-HA is undetectable in mitochondria, but it becomes detectable in 6% oxygen. The mitochondrial content of SOD1 is increased in 6% oxygen by 60% when compared with 20% oxygen. (Fig. 3C) . However, when CCS is co-expressed with Mia40, a portion of CCS, which normally is undetectable in the mitochondrial fraction, is now found in mitochondria (Fig. 3D ). To establish if there is a physical interaction between Mia40 and either SOD1 or CCS, we performed co-immunoprecipitation experiments of crosslinked proteins using the HA antibody for Mia40 pull-down. We find that CCS (Fig. 3E ), but not WT SOD1 (Fig. 3F) , co-immunoprecipitates with Mia40. Taken together, these results suggest that CCS, but not SOD1, is a direct substrate for the Mia40/Erv1 import pathway.
Regulation of mitochondrial CCS and SOD1 content by the respiratory chain
In yeast, the Mia40/Erv1 disulfide relay system is linked to and regulated by the mitochondrial respiratory chain (30) .
Erv1 is oxidized by donating electrons to cytochrome c, which in turn is reduced by complex III and oxidized by complex IV. Blocking complex III with specific inhibitors, such as antimycin A, results in an increase of oxidized cytochrome c and a sequential buildup of oxidized Erv1 and Mia40, leading to increased efficiency of the import system. To test whether the respiratory chain modulates SOD1 and CCS content in mammalian mitochondria in a Mia40-dependent manner, we co-transfected Mia40 and either CCS or WT SOD1 in 20% oxygen, and treated cells with antimycin A for 16 h prior to fractionation. Although complex III inhibition has virtually no effect on SOD1 (Fig. 4A) , the relative mitochondrial CCS content normalized by Tim23 shows approximately a 4-fold increase when the protein is co-expressed with Mia40 (Fig. 4B , right panel), further suggesting that CCS is an Mia40/Erv1 substrate. This increase in CCS mitochondrial content by antimycin A treatment was also found under 6% oxygen (data not shown). To test whether the presence of CCS in mitochondria affects SOD1 localization, we treated cells co-expressing WT SOD1 and CCS with antimycin A, resulting in a 2-fold increase of mitochondrial SOD1 content (Fig. 4C ). As antimycin A had no effect on SOD1 without the co-expression of CCS ( Fig. 4A) , we conclude that blockage of complex III and increased cytochrome c oxidation affect SOD1 import indirectly through Mia40/Erv1 modulation of CCS import.
Human SOD1 mutagenesis
Although most nuclear encoded mitochondrial proteins contain mitochondrial targeting signals or sequence motifs, such as cysteine repeats, that guide their translocation across the mitochondrial membranes and favor their retention inside mitochondria, these elements are not obvious in SOD1. To determine whether there are regions of SOD1 critical for its mitochondrial import and/or retention, we created various SOD1 mutants by site-directed mutagenesis (Fig. 5A ). To assess the maturation (folding, metallation and dimerization) state of each SOD1 mutant, we performed superoxide dimutase in-gel activity assays and determined the sensitivity to proteinase K digestion ( Table 1) . As expected, SOD1 mutants with preserved enzymatic activity are also resistant to proteinase K digestion (31, 32) .
Effects of cysteine residue substitutions on SOD1 mitochondrial localization
Because cysteine residues are critical for the mitochondrial localization of small IMS proteins that are imported through the Mia40/Erv1 pathway, we investigated the involvement of each of the four cysteines residues of SOD1 (C6, C57, C111 and C146) in its mitochondrial localization. Each cysteine residue was mutagenized to serine and mitochondrial content of SOD1 was assessed. We find that all four cysteine mutants are poorly localized to mitochondria (Fig. 6A ). C57 and C146 are involved in the intramolecular disulfide bond; thus C57S and C146S mutants lack this critical step in SOD1 folding. In addition, elimination of the disulfide bond alters loop IV of SOD1 and disrupts dimer interface interactions (33) . Failure to fold and dimerize is likely to allow these mutants to slip out of the mitochondrial OM import pore, as shown for other small IMS proteins such as Tim13 (34) . Unlike C57S and C146S, C6S and C111S mutants are able to fold and retain enzymatic activity (Table 1 ), yet they show reduced mitochondrial localization. Neither C6 nor C111 are involved in intramolecular disulfide bonds and they must affect SOD1 mitochondrial localization by a different mechanism. Both residues have been implicated in the formation of intermolecular disulfide bonds (35) . It could be speculated that protein-protein interactions involving C6 and C111 are required for maturation and retention of SOD1 in mitochondria. Recently, C111 was found to be critical for mitochondrial import in NSC34 cells (25) . Removal of the sulfhydryl group of C111 does not affect dismutase activity and proteinase K resistance (Table 1, Supplementary Material, Fig. S1 ). Thus, C111S SOD1 is much like the WT protein, but localizes poorly to mitochondria (Fig. 6A) . The role of C111 in mitochondrial import is particularly puzzling because it is not a conserved residue. Only in humans, chimpanzee and chickens, residue 111 is a cysteine, whereas most other species, including mice and rats, have a serine at position 111. Mouse SOD1 expressed in COS cells localizes to mitochondria (Fig. 6A) , despite lacking the sulfhydryl group of C111. In fact, there are reports of rodent SOD1 in mitochondria (5) . This indicates that C111 in non-human mammals is not necessary for import/retention of SOD1, suggesting that the mechanisms of mitochondrial localization may differ between human and non-human SOD1.
Effect of hydophobic stretches on SOD1 aggregation and mitochondrial import
Strings of hydrophobic amino acids serve as mitochondrial internal targeting signal for various IM proteins (22) .
SOD1 contains three such strings, specifically residues 5 -9, 112-115 and 148-153, located at the protein dimer interface (Fig. 5B) . We created deletion mutants of SOD1 (named deletion 1 -3), each with an ablation of one of three hydrophobic domains. SOD1 localization experiments revealed that deletions 1 and 3 are found in mitochondrial fractions, whereas deletion 2 does not localize to mitochondria (Fig. 6B) . Taken together, these results suggest that the hydrophobic stretches 1 and 3 of SOD1 are not necessary determinants for mitochondrial localization. The absence of deletion 2 from mitochondria could be explained by lack of import, lack of retention or protein degradation in mitochondria. To exclude that deletion 2 is degraded by mitochondrial proteases, we treated the cytosolic fractions from COS cells expressing WT or deletion 2 SOD1 with concentrated mitochondrial extracts. Western blot shows that there is no degradation of either protein, indicating that the absence of deletion 2 in mitochondria is due to either lack of import or retention (Fig. 6C) . The residues ablated in deletion 2 include C111, which is involved in the mitochondrial localization of SOD1 (Fig. 6A) , suggesting that loss of C111 is responsible for the lack of mitochondrial localization of deletion 2. On the other hand, deletion 1 is found in mitochondria despite lacking C6, which is also involved in SOD1 mitochondrial localization (Fig. 6A ). In the case of this mutant, there must be other determinants that overcome the loss of C6.
We hypothesized that a discriminating factor between deletion 1 and C6S mutants could be their tendency to misfold and form aggregates, which may contribute to mitochondrial retention of SOD1, even in the absence of proper folding. Thus, we performed detergent solubility assays of cell homogenates for detection of aggregated protein precipitates containing SOD1. Upon solubilization with NP40 and highspeed centrifugation, deletion 1 is detected both in the detergent soluble fraction, containing monomeric or oligomeric species, and in the insoluble fraction, containing precipitated high molecular weight multimeric species, suggesting that this mutant aggregates. C6S is only found in the soluble fraction, similar to WT SOD1, indicating that this mutant does not form high molecular weight multimeric aggregates (Fig. 6D) . Table 2 summarizes the results of the protein solubility assays in the remaining mutants. Deletion 3 displays abundant aggregates and deletion 2 a small amount of aggregation, whereas C57S, C111S and C146S mutants do not show aggregation. Therefore, aggregate formation in the mitochondria is one likely mechanism for mutant SOD1 mitochondrial retention that may supersede the loss of cysteine residues.
Mitochondrial localization of SOD1 mutants associated with fALS
We studied the mitochondrial localization and modulation of import/retention in the SOD1 mutants G93A and G85R, which are associated with human fALS. We find that both mutants localize to mitochondria (Fig. 7A, left panels) . However, the modulation of SOD1 mitochondrial localization by CCS co-expression is different than in WT SOD1 (Fig. 7A,  right panels) . The relative mitochondrial content of G93A mutant SOD1 is only reduced by 50%, whereas in WT SOD1 cells the decrease is much greater (96%). The apparent 
Human SOD1 mutants were generated by in vitro mutagenesis of WT human SOD1 cDNA. The amino acid substitutions or deletions are indicated. The enzymatic activity was determined by in-gel activity assays and defined as present (þ) or undetectable (2) . The sensitivity to proteinase K (PK) was assessed by treating whole cell lysates from COS cells expressing SOD1 mutants with 100mg PK at room temperature for 20 min, followed by western blot and detection with anti-SOD1 antibody. SOD1 protein digestion is indicated by plus, whereas PK insensitivity is indicated by minus.
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discrepancy with the increase in mitochondrial content of G93A SOD1 observed in CCS/G93A double transgenic mice (15) is explained by tissue culture conditions, where COS cells are exposed to high oxygen, which promotes the oxidative folding of CCS in the cytoplasm and prevents SOD1 import (Fig. 2) . The relative mitochondrial content of G85R mutant SOD1 is completely unaffected by CCS co-expression. G93A mutant content in mitochondria is increased 3-fold by complex III inhibition with antimycin A, via enhanced CCS mitochondrial localization (Fig. 7B , left panels), similarly to WT SOD1 (Fig. 4C) . However, G85R mutant mitochondrial localization is completely unchanged by antimycin A, despite an expected increase in CCS mitochondrial content (Fig. 7B, right panels) . These results show that the two SOD1 mutants display different responses to CCS localization. This could be explained by the fact that, unlike the highly unstable G85R SOD1 that presumably interacts poorly with CCS, G93A SOD1 retains WT-like properties involving CCS, such as the capacity to become enzymatically active (Table 1) , despite a tendency to misfold and aggregate (Table 2) . Finally, G85R mutant content in mitochondria is completely unchanged by lowering the oxygen concentration to 6%, with or without the co-expression of CCS (Fig. 7C) . Taken together, these results indicate that pathogenic SOD1 mutants are either partially (WT-like mutants such as G93A) or not at all (unstable mutants such as G85R) subjected to the physiological regulation of mitochondrial import. Hence, the mechanisms of mitochondrial localization of these mutants are likely to involve misfolding and aggregation. Because C111S substitution prevents mitochondrial localization of WT SOD1 (Fig. 6A) , and C111S is also known to reduce aggregation of mutant SOD1 (35 -37), we tested the effects of C111S on G93A mutant aggregation and mitochondrial localization. We first compared the formation of high molecular weight aggregates in G93A mutant and G93A/ C111S double mutant by detergent solubility assays. When Figure 6 . Cysteine substitutions and ablation of hydrophobic stretch 2 reduced SOD1 mitochondrial localization. (A) All cysteine to serine mutations in human SOD1 result in significantly reduced mitochondrial localization when compared with WT. Asterisk indicates the cysteines involved in the intramolecular disulfide bond formation. Mouse SOD1, which naturally contains a serine at position 111, localizes to mitochondria much more abundantly than human C111S SOD1. The proportion of mitochondrial/cytosolic SOD1 is shown next to each panel. (B) Deletion of hydrophobic stretches in dln1 and dln3 mutants does not impair SOD1 mitochondrial localization, whereas the dln2 mutant is undetectable in the mitochondrial fraction. The proportion of mitochondrial/cytosolic SOD1 is shown. (C) Cytosolic fractions containing WT and dln2 SOD1 were treated with mitochondrial extracts (Ext) from untransfected COS cells. As controls, samples were incubated with ME plus protease inhibitors (Ext PI) or mitochondrial resuspension buffer alone (B). Neither WT nor dln2 SOD1 are degraded by proteases contained in the ME. (D) Detergent solubility assay to detect SOD1 aggregates in total lysates from cells expressing C6S, dln1 and WT SOD1. Only the dln1 mutant protein forms detergent-insoluble aggregates detected in the P2 fraction, whereas WT and C6S SOD1 are only found in the soluble (S1) fraction. 
The correct folding of the SOD1 mutants is assessed on the basis of the presence or absence of enzymatic activity and PK resistance ( Table 1) . Aggregation was determined by detergent solubility assays. In the case of the G93A/C111S and G85R/C111S mutants, the degree of aggregation was reduced when compared with the G93A and G85R mutants, respectively. Mitochondrial localization under 20% oxygen conditions was examined by cell fractionation and western blots. The mitochondrial content of WT, G93A, and G85R SOD1 was assessed with and without CCS co-expression. The co-expression of CCS reduces WT SOD1 mitochondrial localization by 96% (downward arrow), as compared to WT SOD1 expressed alone. Co-expression of CCS reduces G93A mitochondrial content by 50%, as compared to G93A SOD1 expressed alone. CCS has no effect on relative G85R SOD1 mitochondrial localization. The arrow denotes the band corresponding to human G85R SOD1, which migrates slightly above simian endogenous SOD1. (B) Cells co-transfected with G93A or G85R SOD1 and CCS, treated with (AA) or without (Unt) antimycin A. G93A SOD1 mitochondrial content is increased 300% by AA, as compared to Unt (left panels), reflecting the increase in mitochondrial CCS. G85R SOD1 is not affected by changes in CCS mitochondrial localization induced by AA (right panels). (C) Mitochondrial localization of G85R SOD1 is not affected by changes in oxygen concentration, regardless of CCS expression. (D) Mitochondria from WT, G93A and G93A/C111S SOD1-expressing cells were separated into NP40 detergent soluble and insoluble fractions. WT SOD1 is found exclusively in the detergent soluble fraction (S1), whereas the G93A mutant is largely contained in the detergent-insoluble fraction (P2). G93A/C111S mutant has a reduced detergent-insoluble component when compared with the G93A mutant. Expression of SOD1 and the levels of the mitochondrial matrix protein Hsp60 are shown by western blot of cell lysates (bottom panels). (E) Mitochondrial localization of G93A/C111S SOD1 is decreased by 20% when compared with G93A SOD1. 7D ) and in whole cells (data not shown), relative to the amount of protein found in the soluble fraction. However, this 90% reduction in high molecular weight aggregates only results in a 20% decrease in mitochondrial localization of the G93A/C111S protein relative to the G93A mutant (Fig. 7E) . Similarly, a G85R/C111S mutant displayed reduced detergent-insoluble aggregates with no change in the levels of mitochondrial localization of the protein (data not shown).
These results indicate that the misfolding properties of the pathogenic mutants override the effect of C111S on SOD1 mitochondrial localization. Therefore, mutant SOD1 misfolding, perhaps resulting in intramitochondrial hetero-or homooligomers of SOD1 with itself or other proteins, is sufficient to trap the protein in mitochondria, without requiring the formation of high molecular weight aggregates.
A frameshift mutation induces SOD1 misfolding and mitochondrial accumulation
To further test the hypothesis that misfolding and aggregation of mutant SOD1 determines mitochondrial localization, we generated a mutant, where a 10 base-pair deletion (nt334 -343) results in a frameshift after amino acid position 110. Between amino acid 110 and the premature stop at position 145, this mutant SOD1 (named Frameshift SOD1) contains a 35 amino acid modified C-terminus. Surprisingly, Frameshift SOD1 is found predominantly in mitochondria, as shown by co-localization of SOD1 and mitochondria labeled with Mitotracker in COS cells (Fig. 8A) . Cell fractionation revealed that Frameshift SOD1 mutant is not detectable in the cytosol and is exclusively localized to mitochondria, both under 20 and 6% oxygen (Fig. 8B, left panels) . The absence of this mutant in the cytosolic fraction is presumably due to proteasomal degradation, because after complete proteasome inhibition with 20 mM MG132 overnight, the protein becomes detectable also in the cytosol (Fig. 8B, right panel) . Another, structurally different proteasome inhibitor, epoxomycin (50 nM) had exactly the same effect (data not shown). Therefore, the Frameshift SOD1 mutant accumulates within the mitochondrial membranes, where it is protected from proteasome degradation. Frameshift SOD1 mutant lacks both C111 and C146, which are necessary for WT SOD1 mitochondrial localization. Therefore, mitochondrial localization of Frameshift SOD1 must be mediated through misfolding and aggregation. In fact, this mutant is found exclusively in the form of detergent-insoluble aggregates in mitochondria (Fig. 8C) .
To confirm that these aggregates are indeed localized within the outer mitochondrial membrane and not on its external surface, we performed proteinase K treatment on mitochondrial fractions. In intact mitochondria, Frameshift SOD1 is protected from degradation, but the protein is fully degraded once the membranes are solubilized with detergents (Fig. 8D) . Taken together, these results indicate that misfolding and aggregation of mutant SOD1 is a crucial mechanism leading to the accumulation of unstable SOD1 mutants in mitochondria.
DISCUSSION
Our studies reveal multiple factors affecting the mitochondrial localization of SOD1 in mammalian cells. The physiological regulation of WT SOD1 mitochondrial localization involves its interactions with CCS and the proper folding and maturation of SOD1. A different set of rules applies to mutant forms of SOD1 that fail to fold correctly, because these mutants are largely unresponsive to the physiological control, and their mitochondrial localization depends mostly on misfolding and aggregation. Figure 9 summarizes our understanding of the regulation of SOD1 mitochondrial localization. ApoSOD1 synthesized by cytosolic ribosomes may follow different fates: (i) its folding and maturation involving the acquisition of Cu and Zn and dimerization keeps the protein localized in the cytosol. CCS in the cytosol promotes intramolecular disulfide bond formation and insertion of Cu, thus accelerating SOD1 maturation and preventing its translocation into mitochondria.
(ii) A proportion of apoSOD1 finds its way into the mitochondrial translocation machinery and is imported across the OM. It is possible that this event is more frequent when SOD1 is synthesized by perimitochondrial ribosomes, allowing apoSOD1 to engage in the mitochondrial general import pore before it can fold. Similar to many other IMS proteins, SOD1 does not contain an N-terminal cleavable signal typical of matrix proteins; therefore, it does not require membrane potential or ATP for its mitochondrial import. Once inside the IMS, apoSOD1 is subjected to folding and maturation into the enzymatically active protein. The folding process is necessary for mitochondrial retention, because otherwise apoSOD1 escapes from the IMS back into the cytosol.
In yeast, mechanisms of mitochondrial protein retention, involving folding mediated by disulfide bonds and metal acquisition, have been described for some resident IMS proteins such as the small Tim proteins (34) and SOD1 (24) . Thus, the probability that SOD1 becomes terminally localized in mitochondria depends on the efficacy of its maturation process in a CCS-dependent manner. Our results indicate that in mammalian cells, mitochondrial localization of CCS is regulated by the respiratory chain activity through the Mia40/Erv1 system, because mitochondrial localization of CCS becomes detectable when Mia40 is co-expressed ( Figs 3D and 4B) , and is enhanced by complex III inhibition with antimycin A (Fig. 4B) . Furthermore, CCS mitochondrial content is affected by oxygen concentration, because CCS becomes detectable in mitochondria when oxygen concentration is reduced from 20 (high oxygen) to 6% (physiological oxygen, Fig. 2D ). As mitochondrial respiration is unchanged in 20 and 6% oxygen (38, 39) , we conclude that the absence of detectable CCS in mitochondria under 20% oxygen does not depend on respiratory chain activity, but is due primarily to the propensity of CCS to fold in the cytosol under high oxygen conditions. It is known that for some IMS proteins imported by the Mia40/Erv1 system, such as Tim9 and Tim10, the rate of oxidative folding in the cytosol is faster than the rate of mitochondrial import in ambient oxygen (40) . The different intracellular CCS distribution between high and physiological oxygen conditions can explain why the protein localizes abundantly in mitochondria from tissues Human Molecular Genetics, 2008, Vol. 17, No. 21 3311 of the CCS transgenic mouse (15) , whereas it is undetectable in mitochondria when expressed in cultured cells exposed to air oxygen (Fig. 2) . The physiological meaning of the enhanced CCS and SOD1 localization in mitochondria under lower oxygen remains to be determined, but it could be speculated that cells sense the shift from 20-6% oxygen as a condition of 'relative hypoxia' and that by increasing SOD1 in the IMS, they prepare for the boost in mitochondrial ROS production that follows the return to normoxia (41) . Alternatively, accelerated oxidative maturation of CCS, and secondarily of SOD1, in the cytosol may represent a response to enhanced superoxide production from non-mitochondrial sources, such as NAPDH oxidase (42) occurring under high oxygen (20%) conditions. The lack of mitochondrial localization of the C6S and C111S SOD1 mutants suggests that SOD1 establishes interactions with mitochondrial proteins other than CCS. These two mutants have WT-like activity and do not aggregate (Tables 1 and 2 ); thus, they are expected to interact normally with CCS. Furthermore, the C6S and C111S mutations do not affect the intramolecular disulfide bond. However, these two cysteines have the potential to form intermolecular disulfide bonds and contribute to protein aggregation of pathogenic mutants of SOD1 (25, 26, 35, 43) , although the latter may not involve necessarily disulfide bridging (37) . Thus, it can be hypothesized that the lack of mitochondrial localization of the C6S and C111S SOD1 is due to their involvement in conformational modifications and/or interactions with IMS chaperones that participate in SOD1 maturation. For example, C111 is implicated in the initial transfer of Cu to SOD1 (44) . In the case of human SOD1, protein interactions involving C6 and/or C111 must occur at the initial phase of import, preceding the subsequent steps of folding and maturation that retain SOD1 in mitochondria; in the absence of (2) proteinase K (PK). Most of the Frameshift SOD1 associated with mitochondria is still detectable after PK treatment, but is degraded when mitochondrial membranes are solubilized with Triton X, suggesting that Frameshift SOD1 is localized inside mitochondria. T, total cell lysate; C, cytosolic fraction. Hsp60 is used as mitochondrial matrix marker. GAPDH and AktK are used as cytosolic markers.
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these interactions, SOD1 escapes from the IMS (Fig. 9) . The requirement of C111 for mitochondrial localization appears to be species-specific, because mouse WT SOD1, which contains a serine at position 111, localizes to mitochondria. This indicates that the amino acid differences between the human and mouse SOD1 (27 in total) affect the structure of mouse SOD1 in a way that allows for mitochondrial retention in the absence of C111. Although our experimental mutant C6S SOD1 is not found in mitochondria, a pathogenic C6F mutant localizes to mitochondria and causes respiratory chain dysfunction in NSC34 cells (25) . Therefore, there must be a difference between the substitution of C6 with serine, a polar uncharged amino acid, and phenylalanine, a nonpolar, hydrophobic amino acid. In fact, C6S SOD1 is enzymatically active, proteinase K insensitive and detergent soluble (Fig. 6, Tables 1 and 2 ), whereas C6F is incapable of proper folding, is proteinase K sensitive, cannot establish the intramolecular disulfide bond (32) and forms detergent-insoluble aggregates (37) . This suggests that misfolding and aggregation of the C6F pathogenic mutant is the principal determinant for its mitochondrial localization, superseding the lack of C6.
Our studies of pathogenic and experimental SOD1 mutants with propensity to form insoluble high molecular weight aggregates, such as G85R, G93A, deletion 1 and deletion 3 ( Table 2 ), show that aggregation is the principal determinant for their mitochondrial localization. In these mutants, all of the physiological modulating factors are either inefficient, in the case of G93A, or completely inactive, in the case of G85R. It was shown that a proportion of mutant SOD1 localizes to the cytoplasmic surface of the OM (11), presumably because aggregates form prior or during mitochondrial import. Our experimental frameshift mutant Frameshift SOD1 displays extremely high propensity to aggregate (Fig. 8C) , but the aggregates are entirely localized within the boundaries of the mitochondrial membranes (Fig. 8D) . Therefore, even an aggregation-prone SOD1 can enter the IMS, where it is trapped by its misfolding. In the case of unstable proteins, such as the Frameshift SOD1 and the pathogenic G127X (9, 11) , mitochondria may provide a protective compartment inaccessible to the ubiquitin-proteasome system. Hence, these mutants are rapidly degraded in the cytosol, but accumulate in mitochondria.
We have shown that aggregation is sufficient to trap mutant SOD1 in mitochondria. However, the formation of high molecular weight aggregates is not a necessary requirement for mitochondrial localization, because decreasing the amount of such aggregates by introducing a C111S substitution does result in a proportional decrease of mutant SOD1 mitochondrial localization (Fig. 7E) . As pathogenic SOD1 mutants can misfold and form low molecular weight oligomers, even in the absence of C111 (37), oligomerization or even just misfolding of the monomer must be sufficient to trap SOD1 in mitochondria.
In summary, we propose that WT and mutant SOD1 mitochondrial localization respond to different regulatory mechanisms. Mutant SOD1 tends to lose the physiological regulation and accumulates in mitochondria due to misfolding, whereas WT SOD1 responds to environmental cues through the interaction with CCS. As the content of CCS in mammalian cells is 15 -30-fold less than that of SOD1 (45) , it is likely that the localization of CCS is the limiting factor, which dictates the subcellular distribution of enzymatically active SOD1. When the cell is exposed to an increased oxidative environment, such as in the presence of high oxygen, CCS localizes primarily in the cytosol and retains SOD1 in this compartment. A shift towards a more oxidative environment in the IMS, for example during mitochondrial oxidative stress, will result in a more efficient disulfide relay import system, enhancing CCS and SOD1 import to scavenge mitochondrial superoxide. Therefore, CCS may function as a redox sensor that determines the localization of enzymatically active SOD1 in the cell compartment where it is most needed.
MATERIALS AND METHODS
Expression plasmids
Human SOD1 cDNAs (WT, G93A and G85R mutants) were cloned into pcDNA3.0 (Invitrogen, Carlsbad, CA, USA). Mouse CCS, mouse WT SOD1 and human Mia40 cDNAs cloned in pSPORT6 were obtained from the ATCC mammalian gene Image collection. Mouse CCS and human Mia40 were amplified by PCR with primer extension to add a C-terminal HA tag. The PCR products were cloned into pCR2.1-TOPO. The inserts were then excised and cloned Figure 9 . Model of regulation of SOD1 mitochondrial localization. OD1 and CCS can enter mitochondria through the general import pore of the TOM complex only in their apo-forms. The rate of folding and maturation of these proteins in the cytosol (i) determine the probability of their import in mitochondria (ii). Oxygen accelerates cytosolic maturation of CCS and consequently of SOD1, preventing mitochondrial import of both proteins. Conversely, retention in mitochondria of CCS and SOD1 is dependent upon their folding inside, which is regulated by the respiratory chain via the disulfide relay system, Mia40/Erv1, and by other unknown proteins that interact with SOD1 cysteine residues. Non-aggregatable SOD1 mutants that fail to fold due to the lack of critical cysteine residues involved in inter-or intramolecular disulfide bonds are not retained in mitochondria. On the other hand, misfolding and aggregation override the physiological regulation and determine the mitochondrial localization of pathogenic mutant SOD1. IM, mitochondrial inner membrane; IMS, intermembrane space; OM, outer membrane; AA, antimycin A; cyt c, cytochrome c. For mitochondrial localization experiments, transfections were performed in 15 cm culture plates, which were further expanded into three 15 cm plates on the day following transfection. Forty-eight h after transfection, cells were harvested by trypsinization, rinsed in sterile phosphate buffered saline (PBS), resuspended in sucrose isolation buffer and fractionated by differential centrifugation into cytosolic and enriched mitochondrial fractions, according to established protocols (46) . Mitochondria-rich fractions were washed with isolation buffer containing 150 mM KCl to remove proteins peripherally associated with mitochondrial membranes by electrostatic interactions.
In a subset of experiments, 32 h after transfection, cells were treated with proteasome or respiratory chain inhibitors for 16 h prior to cell fractionation. Respiratory chain complex III was inhibited with antimycin A (1 mM). For proteasomal inhibition, MG132 (20 mM) or epoxomycin (50 nM) were used. All inhibitors were from Sigma-Aldrich (St Louis, MO, USA).
Western blot analyses
SDS -polyacrylamide gel electrophoresis (PAGE) was performed in 12% gels. Protein concentrations were determined by a colorimetric assay (BioRad, Hercules, CA, USA). For SOD1 localization experiments, fractions containing 5 mg of proteins were loaded per well. Samples were heated at 758C for 10 min prior to electrophoresis. After SDS -PAGE, proteins were transferred onto polyvinylidene difluoride membranes (Bio-Rad) at 75 V for 75 min and the membranes were blocked in 5% milk made in Tris-buffered saline with 0.1% Tween-20 (TBS-T) for 1 h at room temperature. Primary antibodies were applied overnight at 48C. After washing in TBS-T, membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Membranes were washed in TBS-T and immunoreactive bands were revealed with enhanced chemiluminescence reagent (Pierce, Rockford, IL, USA).
Western blot quantification
The relative amount of SOD1 localized to mitochondria was estimated by densitometry of the western blot bands using NIH image software. To correct for potential differences in gene expression, mitochondrial SOD1 was normalized by the mitochondrial marker Tim23, whereas cytosolic SOD1 was normalized by AktK or GAPDH. For each experiment, the relative cytosolic content of SOD1 was set at 1 and the relative mitochondrial content was expressed as a percentage of cytosolic SOD1. Changes in mitochondrial SOD1 content between test and control conditions were quantified by comparing relative mitochondrial contents determined as described earlier.
Antibodies for western blot
There are several commercially available antibodies with variable affinities for WT and mutant SOD1 from different species. We tested three antibodies, a rabbit polyclonal (Stressgen, Ann Arbor, MI, USA), a mouse monoclonal (Santa Cruz Biotechnology, Santa Cruz, CA) and a sheep polyclonal (Calbiochem, La Jolla, CA, USA) to select the one that detects both WT and mutant SOD1 with comparable affinities. We found that the polyclonal sheep antibody detects the human SOD1 with similar affinity for both the mutant and WT proteins (Supplementary Material, Fig. S2 ). Therefore, unless otherwise specified, the polyclonal sheep antibody was used in all experiments to detect transfected SOD1.
Other antibodies used in localization experiments included: GAPDH (Abcam, Cambridge, MA, USA), Tim23 (BD Biosciences, San Jose, CA, USA), cytochrome c (Cell Signaling, Danvers, MA, USA), COXI, VDAC (Invitrogen), AktK (Santa Cruz Biotechnology), polyclonal HA (Abcam) and CCS (gift from Dr J. Rothstein, Johns Hopkins University, Baltimore, MD, USA).
Immunocytochemistry
COS cells were grown on glass coverslips placed in 24-well plates. Forty-eight h after transfection, mitochondria were stained with 250 nM Mitotracker Red (Invitrogen) for 30 min at 378C. Then, cells were fixed in 4% paraformaldehyde, followed by permeabilization with 0.1% Triton X and blocking in PBS containing 1% bovine serum albumin and 10% normal goat serum. Cells were incubated with primary antibodies against HA or monoclonal anti-human SOD1 diluted in blocking buffer for 2 h with gentle shaking. Fluorescently labeled secondary antibodies were diluted in blocking buffer and applied to cells for 1 h. After three washes in PBS, the coverslips were mounted onto glass slides and dried. All steps were performed at room temperature. Immunostained cells were imaged with a Zeiss LSM 510 laser scanning confocal microscope with a 63Â Plan Apochromat oil immersion lens with aperture 1.4 using a photomultiplier (Carl Zeiss MicroImaging, Inc., Germany). A series of z-sections were taken spanning the thickness of the cell, with intervals between sections set at 0.5 mm. Z-stack images were projected onto a single plane using the LSM Image Browser software (Carl Zeiss MicroImaging, Inc.) and digital magnification was 2Â (total magnification was 126Â).
Immunoprecipitation
Transfected COS cells were cross-linked with 2 mM dithiobis [succinimidylpropionate] (DSP, Pierce), dissolved in DMSO for 30 min at room temperature, followed by incubation in 20 mM Tris (pH 7.6) for 15 min to stop the reaction. Samples were washed three times in PBS, lysed in RIPA buffer containing 20 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate and a protease inhibitor cocktail and cleared by centrifugation at 10 000g for 5 min at 48C. The supernatants were incubated overnight at 48C with protein G-Sepharose beads (Zymed, S. San Francisco, CA, USA), which had been preadsorbed with the rat monoclonal HA antibody (Roche) for 2 h at room temperature and collected by brief centrifugation. The following day, the beads were washed three times in RIPA buffer and boiled for 10 min in Laemmli buffer containing 50 mM DTT prior to electrophoresis. Immunoprecipitated proteins and proteins in cellular lysates were detected by SDS -PAGE and western blots using polyclonal SOD1 and CCS antibodies.
Proteinase K sensitivity assay
For characterization of mutant SOD1 folding, total cell lysates (100 mg) from COS cells expressing SOD1 were incubated with 100 mg/ml proteinase K (Sigma-Aldrich) for 20 min at room temperature, followed by proteolysis termination in 2 mM phenylmethylsulfonyl fluoride (PMSF) for 10 min. For mitochondrial protein localization studies, mitochondrial fractions (10 mg) were incubated with 20 mg/ml proteinase K for 20 min on ice, followed by PMSF inactivation. An aliquot of the mitochondrial fraction was incubated with 1% Triton X to break mitochondrial membranes prior to proteinase K treatment. Proteinase K-treated samples were then added to Laemmli buffer and analyzed by SDS -PAGE/western blotting using SOD1, AktK, GAPDH and Hsp60 (Stressgen) antibodies.
Detergent extraction and high-speed centrifugation for SOD1 aggregate analysis High molecular weight protein aggregates were analyzed by NP-40 detergent extraction and centrifugation as described before (47) , with some modifications. Total cells or enriched mitochondria (100 mg) were pelleted and lysed in 100 ml of lysis buffer (TEN) containing 10 mM Tris -HCl, pH 8.0, 1 mM EDTA, 100 mM NaCl and protease inhibitor cocktail (Roche). The lysate was mixed with 100 ml of TEN þ 1% NP-40, sonicated for 30 s and centrifuged at 100 000g for 10 min. The supernatant (S1) was transferred to a new tube and the pellet was resuspended in 200 ml TEN þ 0.5% NP-40, sonicated and centrifuged as above. The supernatant was discarded and the pellet (P2) was resuspended in 20 ml of TEN þ 0.5% NP-40. Levels of SOD1 in S1, containing detergent soluble proteins, and P2, containing insoluble aggregated proteins, were analyzed by SDS -PAGE and western blotting with SOD1 antibodies.
SOD1 proteolysis by mitochondrial extracts
Mitochondria isolated from untransfected COS cells were sonicated for 15 s to release soluble proteins, including proteases. The cytosolic fractions from COS cells expressing either WT or deletion 2 SOD1 were incubated with the mitochondrial extracts (4:1 by volume) at 378C for 30 min, with or without the addition of a cocktail of protease inhibitors. Another aliquot of sample was treated with mitochondrial resuspension buffer without mitochondrial proteins, as a control. Samples were added to Laemmli buffer and analyzed by SDS -PAGE/western blotting using the polyclonal SOD1 antibody.
SOD in-gel activity assays
COS cells expressing SOD1 were lysed in PBS containing 0.5% Triton X-100 on ice for 20 min and cleared by centrifugation at 6000g for 5 min at 48C. Samples were electrophoresed in a 10% native acrylamide gel. To determine SOD activity, the native gel was incubated in the dark with 1.23 mM Nitro blue tetrazolium (Sigma-Aldrich) on an orbital shaker at room temperature for 15 min, followed by a wash in 0.1 M KH 2 PO 4 , pH 7.0 (48). The gel was then incubated at room temperature in a buffer with 28 mM riboflavin and 28 mM TEMED in 0.1 M KH 2 PO 4 for 15 min on an orbital shaker in the dark. After washing once in 0.1 M KH 2 PO 4 , the gel was exposed to a 13 W Sylvania fluorescent tube for 10 min. Purified human SOD1 (0.5 and 1 unit, Sigma-Aldrich) was used as a positive control. An aliquot of samples was analyzed by SDS -PAGE/western blotting with the polyclonal SOD1 antibody to determine SOD1 expression. 
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